Samples of non-mature and añejo (matured) tequila of the same brand/provenance were 2 analysed using GC-MS and GC-O/AEDA to provide quantitative data on the most odour 3 active compounds which contribute to the aroma of these spirits. Extracts of non-mature 4 tequila was characterized by 26 odour-active regions, which included ethyl hexanoate, ethyl 5 octanoate, 2-phenylethyl acetate-β-damascenone, isoamyl alcohol and octanoic acid as the 6 most odour-active compounds (FD factor ≥ 6561). In contrast, extracts of the mature spirit 7
INTRODUCTION 23
Tequila is a distilled alcoholic beverage, with a unique flavour, produced from agave juice 24 extract. Its production is strictly regulated such that only beverages produced from A. 25 tequilana Weber blue variety cultivated in a protected region of Mexico can be labelled with 26 the guarantee of origin (NOM-006-SCFI-2012) . Tequila production involves multiple steps: 27 (i) harvesting of the agave plant, (ii) steaming the head (core) to hydrolyzed fructans, (iii) 28 milling the cooked agave heads to extract the juice, (iv) fermenting the extracted juice, (v) 29 double distillation of the must to produce 'silver or white' tequila (blanco) and eventually (vi) 30 ageing in white oak barrels to get 'rested' (reposado), product matured for a minimum of 2 31 months, 'añejo or extra aged' (añejo), product matured for at least 1 year and 'extra aged or 32 ultra-aged' (extra añejo), product matured for at least 3 years, respectively (1). 33
Tequila flavour is well-known to be affected by multiple factors, such as the raw material, 34 distillation conditions and ageing process (2, 3). However, fermentation is often viewed as 35 the critical stage in tequila flavour formation (4, 5, 6) . In some tequila distilleries 36 fermentation is completed mainly by an inoculum of Saccharomyces cerevisiae, whereas in 37 others the fermentation occurs spontaneously by a succession of different yeasts strains, 38 which collectively contribute to the development of spirit flavour (7). Tequila flavour is 39 complex, due to the great amount of volatile compounds present and the potential for 40 interactions between these odourants, or for aroma to be moderated by physicochemical 41 4 and therefore the main characteristics that consumers associate with quality. A product with 48 colour, flavour and more complex sensory characters is more likely to be the desired option 49 of the consumer (10). 50
Although some studies have evaluated the chemical composition of tequila flavour in 51 different stages of its production (3,5,9) few reports have focused on identifying which of 52 these many compounds are most significant to the perceived flavour of tequila. In this 53 context, gas chromatography olfactometry (GC-O) and aroma extract dilution analysis 54 (AEDA) are significant techniques because they enable the odours experienced by a panellist 55 to be traced to compounds eluting at the times aroma is experienced (11). GC-O thus enables 56 the identification of odour-active volatiles from the bulk of odourless volatiles and AEDA 57 then determines the relative odour potency of compounds present in a sample extract (by 58 successively diluting the extract and identifying which aromas are detected orthonasally at 59 the highest dilution factors) (12, 13) . 60
Maturation of spirits is known to change their flavour relative to fresh distillates, indeed that 61 is one of the major objectives of the process. Key changes which occur during ageing include 62 those in colour and flavour of the maturing spirit and a decline in both the volume and the 63 alcoholic content (14) . These changes are caused mainly by direct extraction of wood 64 compounds, chemical reactions such as oxidation and hydrolysis, and evaporation of volatile 65 compounds (15) . 66 8 ethanol (12 % ABV). Spirit samples were loaded onto individual columns and allowed to 138 fully saturate the sorbent bed for 1 min before a vacuum was applied. Once the samples had 139 been loaded, care was taken not to allow the bed to run dry until after the washing step, 140 during which water (5 mL) was run through the cartridge. The sorbent bed was dried by 141 applying a vacuum (10 kPa) for 30 min. Aroma compounds were eluted from the cartridge 142 using dichloromethane (6 mL). Each spirit sample was extracted in triplicate in a randomized 143 order. Dichloromethane extracts were dried with anhydrous magnesium sulphate (Sigma 144 Aldrich) and concentrated to a final volume of 1 mL under a stream of nitrogen prior to GC 145 analysis. Each spirit sample was extracted in triplicate using both extraction processes. 146
Gas Chromatography analysis of spirit extracts 147
Aroma extracts from tequila samples were analyzed by gas chromatography employing two 148 methods of detection: i) mass spectrometry (MS): and simultaneous MS and ii) odour port 149 evaluation using the technique of aroma extract dilution analysis (AEDA) (19). 150
Gas chromatography-Mass Spectrometry (GC-MS) 151
Analysis was performed following the conditions used by Boothroyd et al.(18) and included 152 analysis of spirit extracts in dichloromethane using a ThermoScientific TraceGC Ultra with a 153 DSQ II mass spectrometer and an AS 3000 Autosampler (Thermo Electron Corporation). 154
Compounds were separated on a Zebron ZB-WAX column (30m× 0.25mm i.d., 1.0 μm film 155 thickness; Phenomenex, Macclesfield, UK) starting at an oven temperature of 40°C (1 min 156 hold) followed by a ramp to 250°C at 4°C min -1 . The helium carrier gas flow rate was 1.69 based upon: (a) EI-MS library matching; (b) measurement and confirmation against literature 163 sources of the linear retention index (LRI) against alkanes (C8 to C22); and, when possible, 164 (c) confirmation of the retention time of authentic standards run under identical 165 chromatographic conditions. Quantification was achieved following normalization to the 166 internal standard (10 μg mL -1 , 2-acetylthiazole) of six diluted solutions in the range of 0.05 to 167 5 μg mL -1 containing the minor compounds listed in Table 1 . However for major compounds 168 such as isoamyl acetate, ethyl hexadecanoate, ethyl decanoate, 1-propanol, and 169 2-phenylethanol six diluted solutions in the range 2 to 64 μg mL -1 were prepared. 170
Additionally for isobutanol six diluted solutions in the range of 20 to 640 μg mL -1 were 171 prepared; and in the range of 50 to 1200 μg mL -1 for isoamyl alcohol respectively. 172
Calibration curves reported a correlation coefficient (R 2 ) greater than or equal to 0.99 for 173 each compound. Furthermore for those compounds that could not be quantified following 174 internal standardization of the compounds listed in the supplementary table 1, the 175 quantification was based upon: a) following normalization to the internal standard (10 μg mL -176 1 2-acetylthiazole) and b) by using the calibration curve of the chemical compound with 177 similar composition belonging to the same family of compounds. 178
Gas chromatography-Mass Spectrometry/Olfactometry (GC-MS/O). 179
GC-MS and odour port evaluation were carried out following the above conditions for GC-180 MS analysis. For odour port evaluation a splitter was fitted to the end of the ZB-Wax column 181 (30m× 0.25mm i.d., 1.0 μm film thickness; Phenomenex, Macclesfield, UK), such that 182 approximately half of the flow was diverted to an 'odour sniffing port' via a fused silica 183 capillary passing within a heated transfer line, set at a temperature of 200°C. A panel of four 184
panellists (3 female and 1 male between 24 and 30 years) were used to carry out the GC-O 185 work. During each GC run, a panellist placed his/her nose close to and above the top of the 186 sniffing port and evaluated the odour of the chromatographic effluent and recorded the time 187 at which they perceived an odour and gave an appropriated odour descriptor. As the GC runs 188 were 52 min long, two assessors were used to sniff each chromatogram, swapping over half-189 way, in order to avoid fatigue. The GC-O analysis was performed following the aroma extract 190 dilution analysis (AEDA) approach, for which spirit extracts were stepwise diluted using analysis (PCA) was carried out using Simca software -P7.01. PCA was performed to depict 211 variability in the compound concentration data set as related to the sample provenance and 212 the extraction technique used. 213
RESULTS AND DISCUSSION 214
Analysis of volatile compounds in non-mature and mature tequila samples 215 Data for the 'major' volatile compounds analysed by direct injection of tequila samples (GC-216 FID) is reported in Table 1 , whereas that for the GC-MS analysis of tequila extracts, is 217 reported in Table 3  218 A total of 39 volatile compounds were quantified in the LLE and SPE extracts of non-mature 219 and mature tequila samples ( Table 3 ). The compounds were drawn from a variety of chemical 220 classes including acetals, acids, alcohols, esters, furans, ketones, phenols and terpenes. These 221 compound classes have been reported previously as important contributors to Tequila flavour 222 (8, 17) . There were significant differences in the concentrations of all quantified compounds 223 between the non-mature and mature tequila samples (P < 0.05). 224
Wood-derived compounds (oak lactones/whisky lactones) and volatile polyphenols (such as 225 eugenol, guaiacol, 4-ethyl guaiacol, and vanillin) were volatile markers of maturation, 226 identified only in the mature spirit (Table 3) . These compounds are strong indicators of oak 227 maturation, which influence the taste and aroma of maturing spirits such as tequila (14) . 228
Particularly important are the sensory effects caused by acids, aldehydes, and phenolic 229 compounds including, whisky lactones, eugenol, and vanillin (10, 14, 36) . Some of these are 230 used as markers or aging indicators, since their quantification during the aging process can be 231 used to estimate the time required to age a distilled beverage (37). Lignin hydrolysis is the 232 major chemical process which occurs and it is through this that several phenolic compounds 233 are extracted. Oxidation of these compounds yields aldehydes, acids, vanillin, and 234 syringaldehyde (38). Furanic aldehydes are also important contributors of the aging character; 235 however, other conditions affect their concentrations such that they cannot be taken as aging 236 markers. 39). Their presence has been attributed to physicochemical reactions that arise13 during maturation, including the extraction of wood components, evaporation of volatile 238 compounds and interactions between wood and distillate components (14, 15) . 239
The presence of terpene compounds such as -terpineol, linalool and citronellol is 240 characteristic of tequila. Concentrations of these compounds were greatly increased through 241 maturation ( Table 2 ). The concentrations of terpene compounds are determined both 242 biochemically (via raw materials and fermentation) and chemically (through distillation and 243 aging) (9, 20, 21) . In wine, terpene compounds from grapes have been reported to be sensitive 244 to acidic conditions and to increase with maturation temperature and storage time (21). 245
Some acetals have been reported to appear after fermentation and others after distillation 246 where they are concentrated (9). Their formation in spirits depends on the raw material and 247 normally is by addition of an alcohol to the carbonyl group of an aldehyde (22). Isobutanal 248 diethyl acetal and β-Ethoxypropionaldehyde diethyl acetal were two of the acetals, which 249
were only detected in mature tequila samples, and were therefore produced during the 250 maturation process (Table 2) . 251 Table 3 conferring pleasant 'fruity-notes' to alcoholic beverages (24). 272
Of the higher alcohols, isoamyl alcohol and isobutanol were present at highest 273 concentrations, particularly in mature tequila samples (Table 2 ). Higher alcohols are 274 secondary yeast metabolites, and their presence can have a positive or negative influence on 275 aroma and flavour of alcoholic beverages (23). They confer a strong pungent taste and odour 276 to alcoholic drinks. At concentrations less than 300 mg/L, they contribute to desired 277 complexity but if they are present in concentrations greater than 400 mg/L they may confer 278 negative attributes to spirit aroma (5, 23). The concentration of higher alcohols depends on 279 several factors, including the type of yeast strain, fermentation temperature, pH, and amino 280 acid composition of the culture medium (23, 27) . 281 Overall (Table 3) , analytical data for the various chemical classes were quite similar across 282 the two extraction techniques used. However, the asterisked compound groups in Table 3  283 (acids and ketones) are those for which the method of extraction caused a significant 284 difference in recovery from the same sample. For organic acids it is apparent that LLE was a 285 superior method of extraction, recovering greater amounts of these compounds. The acids are 286 secondary yeast metabolites, which can have both negative and positive impacts on aroma 287 and flavour, depending on their concentration in the final spirit (23). 288
In the case of ketones, the extraction methods were broadly equivalent in the mature sample, 289 but LLE was apparently superior in extracting the range of ketones present in non-mature 290
tequila. 291
Principal component analysis (PCA) of compound concentration data 292 PCA was conducted on the analytical data for mature and non-mature tequila samples 293 extracted by both SPE and LLE techniques. A bi-plot for PC1 and PC2 (Figure 1) accounted 294 for over 88% of variation in the data set. Furthermore, PC1, which accounted for the majority 295 of the variation, represented the separation between non-mature and mature samples, with 296 compounds that significantly increased due to maturation having positive loadings on PC1. 297
The concentrations of 2-phenyethyl acetate, isovaleraldehyde diethyl acetal, diacetyl, and 298 ethyl 4-ethoxybenzoate were negatively correlated with PC1, indicating that these 299 compounds were more prevalent in the non-mature spirit. PC2 was driven by differences in 300 concentration due to the extraction technique. The fact that the majority of the compounds are 301 located in the upper half of Figure 1 indicates the all-round superiority of LLE in terms of 302 extraction efficiency; however, compounds such as eugenol, ethyl hexadecanoate, ethyl 303 tetradecanoate, ethyl decanoate, isobutanol and eugenol were extracted more efficiently from 304 mature samples by SPE. 305
Our data indicate that whilst LLE was better in terms of the extraction of a broad cross-306 section of tequila volatiles, SPE can be a useful complementary technique for the analysis of 307 certain compounds. Both the SPE phase and extraction protocol employed were based on 308 earlier studies by Boothroyd et al. in malt whisky and further optimisation for tequila was not 309 carried out. Therefore, by choosing the appropriate SPE column and optimizing the 310 conditions to suit the elution of the groups of analytes required, SPE can be a successful 311 method of extraction, especially for the recovery of semi-volatiles (18). 312
Identification of Odour-Active Compounds in tequila extracts using GC-O/AEDA. 313
Due to the broader cross-section of compounds, which were extracted efficiently by liquid-314 liquid extraction (LLE), this method was selected to perform the Gas chromatography-315 olfactometry (GC-O) and Aroma Extract Dilution Analysis (AEDA) analysis of the Tequila 316 samples. Furthermore the aroma impact of the major volatile compounds (Table 2 ) was also 317 assayed using the GC-O/AEDA approach with direct injection of spirit samples. 318 GC-O identified 43 odour-active regions in the chromatograms of non-mature or mature 319 tequila samples, taken across both the extract and direct spirit injection GC-O analyses. Table  320 4 presents data for each of these odour active regions, sorted by the flavour dilution factor 321 obtained from AEDA analysis of the mature tequila sample. In theory this orders the 322 compounds according to their likely impact on the aroma of mature tequila. As with all GC-O 323 studies it must be noted that since odorants are sniffed individually during GC-O, this 324 technique takes no account of potential interactions (e.g. synergy or masking) between 325 odourants, which can influence perceived aroma. It is also not possible to account for factors 326 such as sub-threshold enhancement or modification of aroma, whereby the perceived quality 327 or intensity of an aroma can be modified by compounds which individually are present 328 beneath their odour threshold. However, GC-O/AEDA remains a popular approach because it 329 highlights compounds, which are likely to play a major part in determining the overall 330 perception; namely those present in substantial excess of their sensory threshold, such that 331 they are still sensed even at the highest dilution factors. 332 LLE extracts of non-mature tequila were characterized by 26 odour-active regions withgas chromatography, with bars sized according to the maximum FD factor at which each 336 odour was detected. The compounds with the highest FD factors (6561) were ethyl 337 hexanoate, ethyl octanoate, 2-phenethyl acetate, phenethyl alcohol, octanoic acid and -338 damascenone. The individual aroma descriptors associated with these compounds (Table 4) by the high FD factors (1000) of several low-boiling compounds in Table 4 . Prior studies of 358 the chemical mechanisms involved in the maturation of whiskey showed that the formation ofis produced by interactions between the distillate and wood components (26). Furthermore, 361
López-Ramírez et al (35) described physicochemical changes that arise as a consequence of 362 tequila barrel maturation; among the parameters evaluated they observed a considerable 363 increase in higher alcohols, methanol, ester, acetaldehyde, and furan-2-carboxaldehyde 364 (furfural) content in the first weeks of maturation, thereby confirming the influence of the 365 aging process over tequila flavour. Our results are in accordance with these findings, since 366 increases in the concentrations of these major compounds were observed in the matured 367 tequila (Table 1) . 368
Odour activity values (OAVs) for key odour-active constituents of tequila 369
Besides FD factors, a further way to consider the likely impact of individual compounds to 370 the overall aroma of a system is to consider 'dose over threshold'. In this approach the 371 analysed concentration of the compound is divided by its published odour threshold (where 372 available) to produce an odour activity value (OAV; Table 4). As can be seen from Tables 1  373 and 2, 27 components were present at concentrations higher than their reported odour 374 thresholds, across both tequila samples. According to these OAVs, the most important 375 odorants in the non-mature and mature tequila samples (OAV>20) were diacetyl, cis-linalool 376 oxide, isoamyl acetate, n-propanol, 2-methyl-1-butanol, ethanol, acetal, ethyl acetate, 377 linalool, β-damascenone and ethyl octanoate. Furthermore, α-terpineol, vanillin and cis-378 whisky lactone presented OAVs higher than 20 only in mature tequila (Table 4) . 379
Overall, the authors prefer to rank the significance of odorants in terms of the AEDA FD 380 factors (Table 4) , because this is consistent with the panellists and samples used in this study. 381
Whereas, the calculation of odour thresholds is subject to a number of factors including the 382 sensory methodology adopted, the number and identity of the panellists used in the study and 383 how/ in which matrix samples are presented. Hence reported odour thresholds can vary19 according to OAV in Table 4 would be very different to that which is presented according to 386 FD factor. Having said that, within a particular FD band (Table 4) , the OAV provides further 387 evidence of the likely significance of a particular odorant -in particular at the upper end of 388 the study, where there is no information in the FD value over and above the fact that 389 compounds were detected at the 6561-fold dilution factor. Amongst such compounds, β-390 damascenone was noteworthy as being present at very high OAV's, particularly in the non-391 mature tequila. 392
Conclusions 393
The aromagram of mature tequila was differentiated from that of the non-mature spirit due to 394 the presence of cask-extractive compounds and the increased FD factors of certain terpenes, 395 higher alcohols and acetals. Since several wood-derived compounds (cis/trans whisky 396 lactones, guaiacol, 4-ethyl guaiacol, and vanillin) were present in mature tequila at the 397 highest FD factors, the impact of maturation on the flavour profile of the añejo tequila was 398 clearly evident. However, other odour-active compounds, such as ethyl hexanoate, ethyl 399 octanoate, cis-linalool oxide, furfural, 2-acetyl furan, linalool, 5-methyl furfural, and ethyl 400 decanoate, (Table 4) , showed no impact of maturation on the flavour dilution factor, 401 indicating the significance of other important steps of tequila production (raw material, 402 cooking, fermentation, distillation) to tequila aroma (9). 403
The results presented here highlight many of the compounds identified in earlier studies as 404 key components of tequila flavour (8, 17) . Some differences in FD/CHARM values between 405 such studies are to be expected, due both to the complexity of tequila flavour and the 406 individual brands selected for analysis in each case. The present study provides a 407 comprehensive and quantitative understanding of changes in key odorants of this brand of 408 tequila as a result of the its unique maturation process and also reveals a further 409 characterization of the likely impact of each compound on overall spirit flavour, in terms of 410 odour activity values (OAVs). Nonetheless, the fact that the present study relates to just one 411 brand of tequila needs to be borne in mind. Whilst the extent of agreement with prior 412 published studies confirms the validity of our data, it is to be expected that the nuances of 413 Compounds were identified by comparison of their retention times (R.I) against those of authentic standards and confirmation based on their linear retention index (LRI). Data represent the average of three independent injections into the GC-FID ± standard deviation. ND: not detected under the conditions of analysis. Odour thresholds from most of the references were determined in hydroalcoholic solutions (Ethanol 10 and 40%), with the exception of ref a which was determined in water.
* Compounds with a significant difference in odour potency between non-mature and mature tequila samples.
$ Flavour dilution factors (FD) optimized for the analysis of the influence of major volatile compounds into the overall aroma of tequila flavour.
---: data not available since the concentration was not determined
Note: an average delay of 18 s was found between the detection of the compounds by GC-MS and panellist's nose during the GC-O analysis 
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